Olm MA, Kögler JE Jr, Macchione M, Shoemark A, Saldiva PH, Rodrigues JC. Primary ciliary dyskinesia: evaluation using cilia beat frequency assessment via spectral analysis of digital microscopy images.
1
The CBF measurement system was based on power spectra measured through digital imaging. Twenty-four patients suspected of having PCD (age 1-19 yr) were selected from a group of 75 children and adolescents with pneumopathies of unknown causes. Ten healthy, nonsmoking volunteers (age Ն17 yr) served as a control group. Nasal brush samples were collected, and CBF and electron microscopy were performed. PCD was diagnosed in 12 patients: 5 had radial spoke defects, 3 showed absent central microtubule pairs with transposition, 2 had outer dynein arm defects, 1 had a shortened outer dynein arm, and 1 had a normal ultrastructure. Previous studies have reported that the most common cilia defects are in the dynein arm. As expected, the mean CBF was higher in the control group (P Ͻ 0.001) and patients with normal ultrastructure (P Ͻ 0.002), than in those diagnosed with cilia ultrastructural defects (i.e., PCD patients). An obstructive ventilatory pattern was observed in 70% of the PCD patients who underwent pulmonary function tests. All PCD patients presented bronchial wall thickening on chest computed tomography scans. The protocol and diagnostic techniques employed allowed us to diagnose PCD in 16% of patients in this study.
Kartagener's syndrome; ciliary motility disorders PRIMARY CILIARY DYSKINESIA (PCD) is a genetically heterogeneous disorder of motile cilia. It is characterized by ciliary dysfunction and impaired mucociliary clearance, and it results in an array of clinical manifestations, including bronchitis leading to bronchiectasis, chronic rhinosinusitis, chronic otitis media, situs inversus (in 50% of cases), and male infertility (5, 30, 31) . The cardinal features of PCD include upper and lower respiratory tract disorders (31) . The incidence of PCD is ϳ1/15,000 (5) .
Diagnostic screening tests for PCD include (5, 20, 37 ) the saccharin test, which is unreliable in children under the age of 12 yr because it requires subject collaboration; mucociliary clearance by aerosol, which is seldom used (13, 32) ; and nasal nitric oxide measurement (35, 39, 41) . The nasal nitric oxide test is the most reliable screening test, but, despite presenting high sensibility and specificity, it is not used as a diagnostic tool (35) . Ciliary beat frequency (CBF) was initially used as a screening test and is currently associated with the study of ciliary function and disease diagnosis. Individuals who are positively screened by any of these tests should undergo an evaluation of ciliary ultrastructure to confirm the diagnosis (3, 4, 6) .
A definitive diagnosis of PCD can be established by finding classic ciliary ultrastructural defects or by detecting mutations with genetic tests (8, 31) . Although genetic tests for mutations in dynein arms, radial spoke defects, and transport proteins for cilia formation exist for the diagnosis of PCD, they are not universally available. Hence, many cases go undiagnosed, and PCD is generally underdiagnosed.
Despite the difficulties in accessing genetic testing, which often depend on financial backers of research, the presence of a normal ultrastructure with altered ciliary function (i.e., altered CBF and/or wave pattern) points to the need for an improved future genetic analysis after more genes related to normal ultrastructure have been isolated (31) .
The use of light microscopy to determine CBF and ciliary beat patterns can help identify patients who may have PCD. The traditional method of determining CBF involves counting ciliary movements in relation to the number of frames per second in the slow-motion recovering, and applying the following formula: CBF (Hz) ϭ 400 (number of frames/s)/ number of frames for 10 beats ϫ 10 (9 -11, 49).
With this method, the calculation of CBF is based on the relationship between the rate of frames captured per second needed to complete a full beat cycle and the number of frames necessary for 10 beats, multiplied by 10.
This method is universally accepted and relies on the observer's verification and visual counting. Digital high-speed imaging studies of CBF have yielded useful data (9 -11, 48) and allowed researchers to identify ciliary beat patterns related to specific ultrastructural defects (11) . Determining CBF and ciliary beat patterns under light microscopy also aids in screening for PCD.
The objective of this study is to describe a new method of CBF evaluation using spectral analysis associated with highspeed digital video motion capture in a sample of suspected PCD patients and a control group. The study also examined the characteristics of the patients diagnosed with PCD. This paper presents a method that our team has established to evaluate and measure ciliary movement.
This method also records high-speed digital video captured by a specially adapted camera attached to a microscope. The method evaluates the recorded video image and, based on luminosity differences in the image processing, measures CBF through spectral analysis in a line of interest (LOI) chosen by the observer. With this method, the CBF results do not rely on the observer counting the number of oscillations. The observer only identifies the epithelium to be studied, and the measurement system evaluates the frequency.
The results of this CBF study were compared with observations of cilia made through electron microscopy, and the characteristics of patients diagnosed with PCD were examined in greater depth.
MATERIALS AND METHODS
Subjects and study design. This study involved 24 children and adolescents recruited from 75 patients treated in the Outpatient Clinic of the Pediatric Pneumology Unit, Child Institute, University of São Paulo Faculty of Medicine Clinics Hospital, in the city of São Paulo, Brazil. Patients' ages ranged from 1 to 19 yr.
Eligibility. Starting from the group of 75 patients, those suspected of having PCD were included in the study if they presented at least one of the following conditions: 1) a recurring upper and/or lower respiratory tract infection; 2) bronchiectasis of unknown cause; 3) dextrocardia and/or situs inversus; or 4) difficult-to-control asthma with recurring upper respiratory disease. The following exclusion criteria were used: 1) positive sweat tests for cystic fibrosis; 2) bronchiolitis obliterans identified with a chest computed tomography (CT) scan; 3) decreased serum level of ␣ 1-antitrypsin; 4) a positive test for common immunological disorders (tests included white blood cell counts, immunoglobulin levels, immunophenotyping, purified protein derivative testing, and human immunodeficiency virus testing); and 5) gastroesophageal reflux disorder.
A total of 11 male and 13 female patients were selected for the study, according to the above criteria.
CBF control group. We also evaluated a control group of 10 healthy volunteers over 17 yr of age. Individuals were excluded from the study if they had experienced respiratory symptoms in the previous 6 wk or had a history of smoking. The ages of patients in the control group differed from those of patients in the studied group because it was difficult to obtain approval from the ethics committee to collect cells from healthy children. However, CBF variation in children, adolescents, and adults (10) is usually greater for individuals without a respiratory disease than in patients diagnosed with PCD.
This project was approved by the Research Ethics Committee of the Clinics Hospital under protocol no. 518/04. All participants (or their parents/legal guardians) gave written, informed consent to participate in the study.
Technique for quantifying CBF. We developed a system for measuring CBF using a Fourier spectral analysis. This method was based on image processing techniques applied to digital video images captured with a camera adapted to an optical microscope. The system components were as follows: a Carl Zeiss Axio Imager microscope (Oberkochen, Germany) with LD (long distance) Plan Neofluar 40ϫ/ 0.60 corr PH 2, LD Plan Neofluar 63ϫ/0.75 corr PH2, and EC Plan Neofluar 100ϫ/1.30 PH3 objectives, and an eyepiece calibrated at ϫ10 magnification; a camera adapter; a Dell 690 Workstation with a Xeon 5160 3-GHz CPU running Windows XP Professional 64-bit operating system; a digital image capture adapter (PCIe-1429 from National Instruments, Austin, TX); a Basler A504kc color video camera computer-controlled by two camera link cables (Ahrensburg, Germany); and image capture/processing spectral analysis software (LabVIEW, National Instruments).
This CBF analysis technique used an image sequence captured in high-resolution digital video. The image sequence was a collection of snapshots, known as image frames, taken at a properly selected rate to avoid motion artifacts, such as aliasing and other types of frequency measurement errors. CBF was characterized by the selection of a LOI within the microscopic field, which was defined as a narrow strip within the field of view (Fig. 1) .
Ciliary movement was recorded for each pixel within the LOI, resulting in a set of temporal waveforms with as many members as there were pixels in the LOI. Each waveform depicted the pixel intensity as a function of time, displaying the periodicities of the ciliary movements. The aim of the spectral analysis was to estimate, based on this set of waveforms, the proportion of each CBF value in relation to the overall movement of the cilia within the LOI. This was accomplished with the Fourier power spectrum nonparametric estimation, which was applied to the luminance component calculated for each LOI pixel as a function of time. To facilitate the visualization of the microscopic images directly on the computer monitor, we captured the images in true red green blue color format, although the spectral analysis required only the luminance data. Most images were collected at ϫ1,000 magnification (ϫ100 objective combined with an extra ϫ10 inserted in front of the camera), and comparisons were only made among videos recorded at the same magnification. The Hamming window (18, 44) was used to improve the spectral estimation, attenuating the influence of artifacts due to the sampling time interval.
CBF register. After the collection and recording of the movements of ciliated cells, the videos were analyzed a second time. The observer defined the cilia group to be measured based on a random identification of 10 lines with the largest visible movements. Observers identified the areas of cilia tips with the largest visible movement for analysis and avoided those with damaged ciliated cells. The rationale for this selection was that cilia from damaged cells would show lower ciliary beat frequencies, while areas with the highest beat frequency were more likely to come from intact cells. The CBF was calculated by the observer drawing an imaginary LOI along the tip of cilia and recording the pixel intensity changes with time.
To improve the accuracy of the final CBF values, 10 LOIs with the largest visible movements were analyzed for each patient and control. It was also checked whether there were significant differences in the lines of choice selected by the same observer after 1 wk, and between a different observer in different times (see Table 4 ).
The extension of the line that defined the measurement was determined by finding the record of the frequency 90% higher than the others in a spectral density diagram. For us, this represented the expression of pure frequency, without interference. The moment the researcher placed a line at the tip of the cilia with the largest visible movements, the movement frequency of the line appeared in the power spectral density diagram (Fig. 1) . The observer registered the predominant frequency in that group. The predominant frequency was defined by the frequency of the spectral density diagram that presented an approximate height Ͼ90% in relation to the spectral density harmonics. The results were then tabulated, and the average, standard deviation, and median of all 10 measurements were calculated (see Table 2 ).
The method was semiautomatic, with the LOI needing to be manually selected by the observer. The method thus relied on the individual observer's judgment and experience, particularly because there is no reliable model for the decision criteria used by such experts and no complete characterization of the knowledge they possess. Future variations of the technique might be made automatic through the use of machine-learning algorithms and supervised training. The LOI results and other data were recorded and archived by the software, thereby allowing them to be accessed at any time.
CBF viability. We analyzed the time during which a ciliated cell remained at a constant frequency after being collected from a control individual in the described conditions. The frequency began to fall 40 min after the beginning of data collection. Video recordings for all patients and controls were, therefore, collected up to a maximum time period of 40 min.
Sample collection and CBF data collection. We used nasal brush biopsy samples to evaluate CBF and ciliary ultrastructure. To collect the samples, we used disposable cytology brushes (BC-202D-3010; Olympus EndoTherapy, Hamburg, Germany). During the procedure, the room was maintained at a constant (22) temperature of 26°C. Samples were collected from the inferior turbinate and smeared onto glass slides, which were then prepared for optical microscopy. The material dispersed on the slides was washed in Ringer (2) solution at 37°C (the temperature was verified before the wash).
The material was covered with glass coverslips and evaluated by optical microscopy. The coverslip did not hinder ciliary beats, because the cells contained enough Ringer solution for lubrication; the quantity of Ringer solution prevented the coverslip from touching the epithelium and influencing the beats. We had previously observed that ciliated cells from the control group started to show a small decrease in CBF after only 40 min. Drying was avoided through the collection and distribution of the material on the blade, and by limiting the exposure time of the material to the environment (all videos were made within a 40-min period for both the patient and control groups).
The material remaining in the brushes was dispersed in Eppendorf tubes containing 2% glutaraldehyde for electronic processing (45) . If the first sample did not contain a sufficient number of cells, the full process was repeated for the contralateral nostril.
CBF was evaluated according to the previous description of CBF in all patients suspected of having PCD and in the control group, but only the suspected PCD patients underwent ultrastructural evaluation.
The collected cells were examined under light microscopy at ϫ400, ϫ630, and ϫ1,000 magnifications. Most images were collected at ϫ1,000 (the ϫ100 objective combined with an extra ϫ10 inserted in front of the camera).
The epithelium strips containing moving cilia were filmed, and the recordings were archived for later evaluation. The same lens magnification was used to calculate CBF for all patients and control subjects.
We recognized that some cells had been damaged by the nasal brush. Therefore, we did not achieve maximum movement, and the strips of epithelium selected for spectral analysis were those in which ciliary movement was most visible. We considered this technique best for representing the CBF of the patient. Strips in which the ciliary movement was masked by movement in an adjacent section were excluded from the analysis.
CBF measurements were made in 10 different lines of the ciliary tip, and the predominant frequency or the frequency 90% higher than the others (Fig. 1) was registered there.
The median of the 10 readings was established as the final CBF for each individual in the patients and control groups. We chose to use the median of the 10 measurements to obtain each patient's final CBF because it was normally distributed (P Ͼ 0.05).
System reproducibility. Videos of cilia cell movement from 12 different regions were set aside and reevaluated by the same observer after 7 days. The same videos were evaluated by another observer in the same week.
Processing for transmission electron microscopy. The material immersed in 2% glutaraldehyde in the Eppendorf tube was sent to the Laboratory of Electronic Microscopy at the Faculty of Medicine. This laboratory produced resin blocs and worked with this material according to standardized norms (45) using cross-section thicknesses of 70 -90 nm. To enhance grid visualization, formvar grid was not used.
Ciliary ultrastructure evaluation. Counts were made by methodically working through the grid square by square. Wherever the microtubule arrangement could be seen, the cilia were counted and classified. Two observers jointly verified the defects and recorded defects only after both agreed that a defect was present.
High-quality cross sections were identified and assessed for the presence of dynein arms. Outer dynein arm defects were defined as either the absence of outer dynein arms or the presence of short, stublike projections rather than fully developed arms. Radial spoke defects were seen as the disarrangement of microtubules, coupled with an absence of inner dynein arms. Transposition was defined as an absence of the central pair in some transverse cross sections, which was replaced by an outer microtubular doublet in other cross sections.
The results were verified at the Electronic Microscopy Unit of the Royal Brompton Hospital, London (UK). Ciliary function was analyzed by individuals who were blind to the results of the electron microscopy analysis.
Pulmonary function tests and chest CT scans. Pulmonary function tests (PFT) were performed for patients diagnosed with PCD who were over 5 yr of age, based on current international standards (40) . We evaluated the following parameters: forced vital capacity (FVC), forced expiratory volume at the 1st s (FEV 1), and forced expiratory flow between 25 and 75% of expired vital capacity (FEF25-75). All values were expressed as percentages of the expected values according to height, sex, and age (29, 34, 43) . PCD patients also underwent chest CT scans. High-resolution CT scans of the chest were evaluated by three radiologists, who analyzed radiological commitment using the Bhalla score (1). The scores of the three radiologists were averaged to determine each patient's final radiological score, and the results were tabulated.
Statistical analysis. The Kolmogorov-Smirnov test was used to test the normality of frequencies. We used ANOVA with Tukey's multiple-comparison test to compare the average frequencies among the groups. Repeated-measures ANOVA was used to determine the reproducibility of the system for a single observer and between two observers. All statistical tests were two-tailed and performed with SPSS software, version 13.0. The level of significance was set at P ϭ 0.05.
RESULTS
Patients diagnosed with PCD. Using the criteria described above, 24 of 75 patients were suspected of having PCD. Of these 24 patients, 12 (7 boys and 5 girls, 16% of 75) were diagnosed with PCD through cilia electron microscopy and the CBF studies.
Of these 12 patients, 8 were between 12 and 19 yr old, 11 were of Caucasian origin, 8 had consanguineous parents, 1 had complex cardiopathy, and 7 had situs inversus. As shown in Table 1 , the most common characteristic of these patients was bronchiectasis, although a 1-yr-old patient had a complex cardiopathy (situs inversus with tetralogy of Fallot). One patient was diagnosed with PCD, despite having a normal ultrastructure.
CBF and ciliary ultrastructure. We calculated, for each patient and control, the average and the standard deviation for the first 10 values of CBF recorded, as well as the median of the 10 records. We registered minimum and maximum values of each patient's CBF ( Table 2 ). The 10 measurement values for each patient or control did not show a normal distribution (P Ͻ 0.001, Kolmogorov-Smirnov test). In addition, 47% of the patients showed a variation coefficient above 50%. We opted to use the median of the 10 measurements (of each patient and control), which was normally distributed (P Ͼ 0.05). Thus the median was preferred as the single, representative CBF for each patient and control. The median was obtained from the 10 isolated calculations of the value that predominated in the power spectral density diagram determined by the LOI.
After obtaining a CBF measurement for each patient and control, three groups were compared. Table 3 shows the group CBF averages and standard deviations where at least one group differed from the others (P Ͻ 0.001) in the variance analysis. The three groups were group A: patients with altered cilia ultrastructure (PCD patients); group B: control group; and group C: patients with normal cilia ultrastructure. When significant differences were observed among the groups, multiplecomparison tests (Tukey's) were conducted.
CBF was lower in individuals with altered ultrastructure (i.e., patients diagnosed with PCD) than in either of the other two groups (normal ultrastructure group and control group). When compared with either of the other two groups, this difference was statistically significant (see Table 3 ). Although LOI selection can influence the results, the final CBF result for each patient with altered ultrastructure was lower than that obtained for any of the patients with normal ultrastructure or any of the control individuals.
In our analysis of PCD patients, we found the following ultrastructural defects: outer dynein arm defects (the outer dynein arm was absent in two patients and shortened in one F, female; M, male; CHD, congenital heart disease; SI, situs inversus; Brq, bronchiectasis; URD, upper respiratory disease; CBF, ciliary beat frequency; C, Caucasian origin; NC, non-Caucasian origin; RS, radial spoke; FVC, forced vital capacity; FEV1, forced expiratory volume at the 1st s; FEF25-75, forced expiratory flow between 25 and 75% of expired vital capacity. patient); absence of a central microtubule pair with transposition (in three patients); and radial spoke defects (in five patients). The ciliary ultrastructure was considered normal in one patient diagnosed with PCD (Figs. 2 and 3) .
System reproducibility. We found no significant variation between the repeated measurements by the same observer or between measurements by a first observer and a second observer in different times (P ϭ 0.670) ( Table 4) .
PFTs and chest CT scan of diagnosed PCD patients. Of the 12 patients diagnosed with PCD, 10 underwent PFTs, 1 patient was excluded due to young age, and another did not cooperate with the tests during three different attempts. Obstructive ventilatory disturbance (FEV 1 Ͻ 80 and/or FEF 25-75 Ͻ 70%) was found in 70% of the patients who underwent pulmonary function testing (Table 1) .
Joint assessments by three radiologists identified bronchial thickness in all of the patients, and this thickness was primarily an obstruction in the ramification of the bronchial tree (Table 5 ). Due to the small sample size, no statistical analysis could be conducted to compare patients' CBF, CT scores, and cilia defects. However, all of the PCD patients showed a reduction in CBF and some degree of bronchial thickness, with CT scan alterations more common in patients over 1 yr of age.
DISCUSSION
Because experimental conditions can affect the measurement of CBF (2, 21, 22), we attempted to maintain consistent conditions during sample collection. In addition, the time between sample collection and image capture was the same for all subjects. None of the evaluated patients had a respiratory tract infection during the 6 wk before the study, although this information was self-reported and may, therefore, be inaccurate. This information is significant because the recovery of respiratory epithelium from an infection can require a long time. CBF varies with age (10), and normal ranges must be established for each method of determining CBF (5). In addition, there are ethical concerns related to the collection of cilia samples from healthy children. When the method of measurement is based on movement counts through high-speed digital videos, the accepted CBF standard for patients up to 18 yr of age is from 10.0 to 18.1 Hz; for patients over the age of 19 yr, the accepted CBF standard is between 7.7 and 15.5 Hz (10). In this study, patients diagnosed with PCD showed significantly lower CBF values than the other participants. Some patients with normal ultrastructure (Table 2) had a low CBF, possibly because all patients included in this study had chronic pulmonary disease, and some ciliary impairment could be the result of previous inflammation (i.e., secondary cilia dyskinesia). In addition, as previously mentioned, information about the frequency of infection was self-reported. Some PCD patients can have a normal ciliary ultrastructure (4, 31) . Patients should, therefore, undergo genetic screening to confirm the diagnosis, even though some genes underlying PCD have not yet been identified. When more complete information about the genes related to normal ultrastructure and abnormal CBF becomes available, we intend to submit our patient samples for genetic screening (30, 31) .
One 19-yr-old PCD patient with Kartagener's syndrome and a normal ciliary ultrastructure was especially interesting. This patient did not meet any of the exclusion criteria and showed borderline normal nasal mucociliary transport (saccharin test ϭ 28 min) and reduced CBF (Table 1) . Her PFTs and thorax CT also showed values consistent with PCD. There are cases in the medical literature of PCD diagnoses in individuals with normal ultrastructure (19, 24, 25) . Neither the nasal nitric oxide test nor the genetic scan test was available to us at the time of our research, and, therefore, this patient will be invited to undergo these tests in the future.
The purpose of this study was not to identify ciliary waveforms. Waveforms should be studied in a more objective manner that is not observer dependent, and such a study would require the development of an appropriate algorithm. However, we did find a circular waveform among the patients for whom there was a transposition cilia defect. According to some researchers, a circular wave pattern is an important indicator of this type of defect (11, 20) . Although we did not perform the nasal nitric oxide test in these patients due to operational difficulties, reduced CBF, the circular wave pattern, the phenotype, and the exclusion of other diseases in the supplementary study provided diagnostic support for the electronic microscopy analysis.
In the present study, most of the patients diagnosed with PCD were over the age of 12 yr, whereas the average age reported in other studies is considerably lower (ϳ4.4 yr) (12) . Although a history of neonatal respiratory distress (16) , hydrocephaly (17), atresia (4), or some special syndromes has been implicated in PCD (28), we did not use this history as an inclusion criterion. In addition, there is evidence that PCD occurs in non-Caucasian patients (14, 38) . Therefore, the predominance of Caucasian patients among those diagnosed with PCD in this sample suggests that this disease is underdiagnosed.
All but one of the patients (the youngest) had bronchiectasis; this anomaly can probably be explained by the patient's very young age. The same patient presented complex congenital Fig. 2 . Cilia electron microscopy. Patients' cilia defects, which are marked with arrows, are as follows A: absence of dynein arms (magnification ϫ65,000, bar 200 nm); B: shortened outer dynein arm (magnification ϫ65,000, bar 200 nm); C: transposition defects (magnification ϫ65,000, bar 200 nm); and D: radial spoke with inner dynein arms defects (magnification ϫ30,000, bar 500 nm). Fig. 3 . Cilia electron microscopy. Normal ultrastructure is shown (magnification ϫ39,000, bar 500 nm). heart disease (27) , which indicates PCD because it involves the nodal cilia. PCD has been associated with heterotaxy syndrome and complex cardiac defects. The high prevalence of the disease among the children of consanguineous parents found in our sample makes this aspect of the patient's history crucial to investigations of PCD. A number of previous studies has reported that the most common cilia defects are those occurring in the dynein arm (4, 7, 42, 47) . In our patient sample, however, radial spoke arm defects were the most common, followed by transposition defects. We understand that the predominance of radial spoke defects in our sample of patients with chronic pneumopathies could be a random effect, and a larger number of patients is required for conclusions regarding the prevalence of cilia defects in our region. We also understand that if our future results continue to differ from international data, genetic scans will be necessary to investigate the reason for the difference.
PCD leads to severe pulmonary deterioration if it is not properly treated, but pulmonary function can be maintained with adequate antibiotic treatment and regular respiratory physiotherapy. Pulmonary function is significantly decreased when PCD is diagnosed in adults. Pulmonary damage primarily results from recurring infections and can be avoided with proper diagnosis and care (15) .
According to Noone et al. (36) , the FEV 1 of patients with PCD usually decreases with age, falling by 0.8%/yr; therefore, an early diagnosis does not guarantee the maintenance of pulmonary function (33) .
Obstructive ventilatory disturbance, a characteristic associated with PCD (50), was found in 7 of the 10 PCD patients assessed.
The most seriously ill patient in our survey was a 15 yr old with Kartagener's syndrome and radial spoke defect. This patient presented with a serious obstructive ventilatory disturbance (FEV 1 Ͻ 35% of foreseen), whereas another patient, a 19 yr old with the same defect who did not have Kartagener's syndrome, showed a pronounced decline in pulmonary function. Such variation can be attributed to a number of related genes and the patient's adherence and response to treatment.
In patients with PCD, dextrocardia is the most common finding in chest radiography, whereas high-resolution tomography typically shows peribronchial thickening and mucus obstruction of the airways (23, 26) . The radiological score of the high-resolution lung tomography can be used in longitudinal studies. According to Santamaria et al. (46) , the radiological score is usually correlated with spirometric findings, and pulmonary disease in patients with PCD predominantly involves the middle and lower lung lobes (26) .
In conclusion, the method of CBF evaluation described in this article provided results consistent with the clinical conditions of the patients. A more specific and automated method of determining CBF through spectral analysis could be a subsequent development. Such a development could involve the registration of the selected LOIs and the possibility of making comparisons among studies with the resulting data.
The PCD patients in this study showed characteristics of obstructive disease in PFTs and lung CT scans. However, radial spoke defects were most common in this sample of chronic pneumopathies, whereas other studies have found that dynein defects are the most common. This result could be due to random effects; therefore, more patients are required to make conclusions regarding the prevalence of cilia defects in our region. We also understand that, if our future results continue to differ from international data, genetic scans will be necessary to investigate the reason for this difference.
The prevalence of PCD in Brazil is not currently known. Our research will help to standardize the investigative process for PCD in the region and increase PCD detection, establishing a better understanding of the expression of this disease in our country.
